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Abstract. Surface renewal theories have gaihed recognition, prominence and widespread 
acceptance in explaining mass transfer processes at interfaces that become turbulent. 
Eddies are envisaged as being impelled into the interface from the bulk phase in 
mechanically stirred systems where they renew the surface with fresh liquid or fluid 
in a dynamic process. 
The effect of surface active agents has been known to damp mass transfer by inhibiting 
tangential eddy movements, hence surface renewal, and confirmed experimentally. 
Since the problem is dynamic, the mode of eddy propagation into the interface and the 
amount of area renewed are visualized as important factors in determining mass transfer 
across turbulent interfaces. 
The purpose of this paper was to construct a mathematical model which reveals the 
relative importance of the surface compressional modulus of elasticity Cs-', as opposed 
to the degree of agitation, which is synonymous with turbulence, hence Reynolds number, 
as each one tends to offset the other in mass transfer processes. 
The results are extremely important in industrial processes as they affect design and 
efficiency, as surface active agents become an undesirable nuisance in retarding mass 
transfer in both mixing and extraction processes and could prove to be well nigh 
indispensable. 
INTRODUCTION 
Transport properties across turbulent interfaces 
by surface renewal theories are now widely 
accepted. There are several theoretical assess- 
ments and much experimental data, but in both 
theory and experiment agreement is sadly lacking 
and leads to a spectrum of results. 
Theoretically, all surface renewal theories can be 
embodied in one mathematical expression 
R' = 1; $(t) $ (t) dt, (I) 
where R' is the rate of mass transfer, e(t) the 
rate of absorption per unit area and e(t) the 
amount of area renewed. 
When a liquid is set in turbulent motion it becomes 
a mass of eddies which incessantly change their 
shape and size, configuration and position. These 
eddies are visualized as continually exposing 
fresh surfaces to the other phase, and the assump- 
tion is made that whenever an eddy exposes itself 
to the other phase it absorbs according to the law 
$(t) = (C - c ) GE, 
OAT- 
(2) 
where t is the time of exposure or residence in 
the surface. The surface renewal part $(t) lends 
itself to several interpretations. 1) Danckwerts 
theory, where the times of exposure of fresh ele- 
ments of liquid are not all identical but that the 
probability of replacement of any given liquid 
element is independent of the time of residence in 
the interface. On this basis and in mathematical 
terms, the theory postulates that 
4(t) = SeSt , (3) 
where S is the rate of surface renewal. Substi- 
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tuting in the formula above and integrating, using 
a Fourier transform, we get 
K=m (4) 
2) The Higbie Model or Theory assumes that eddies 
penetrate into the liquid surface and renew it 
periodically. He postulated that each eddy is ex- 
posed for the same time (t) before being replaced. 
In mathematical terms, the surface renewal model 
here gives, , 
o(t) = 1 e ’ 0 < t < e (5) 
O(t) = 0, t > e (6) 
3) In addition to the Danckwerts and Higbie 
models, we have the Davisson delta model, where all 
elements are renewed in time 'I. Since the surface 
age distribution in this model is an impulse or 
delta function, it is called the delta model. 
which leads to 
O(t) = a(t), (7) 
and 
O(t) = - * t = 0 I (8) 
and 
O(t) = 0, (9). 
for all other values of t. 
Hence the rate of absorption per unit area 
d = @, 
t=r’ 
which follows from the properties of the delta 
function. 
Khan [9) had obtained that mass transfer 
C;I 
Jt 
R' .f($$)2 (1 - e- Iri )2 (II) 
which was ob ained originally from the damping 2 
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effect on the velocities given by 
C5-I 
t 
V=V,e 
-F (12) 
: 
where t and A depend on turbulent parameters, im- 
plying the Reynolds number, hence revealing the 
relative importance in the velocity component tan- 
gential to the surface, which is then translated 
to the amount of clearance, 
x= 
I 
V dt. (13) 
Hence, 
(14) 
and then on to the rate of area cleared, which is 
fx*qR' , 
vividly revealing the relative importance of Csl 
and Reynolds number. 
Khan [9] found that 
1 
ym’ 
V, 0 N , (17) 
and 
a o N-I" , (18) 
where t = 1. 
characteriftjc 
f being the eddy frequency, V 
velocity and )i an average ed8y 
a 
size. 
On this basis. the relative importance of Cs-' 
and Reynolds number is clearly manifested in the 
following important e pressions. 
c_-I 
VaNLe 
-+ 
(19) 
5’ 
xuu+N -0.13 l1 _ e uN 
1.43 
) , (20) 
c;: 
No. a7 
_- 
xaCjl(l-e 
uN1.43 
1 
Hence 
Cl' 
N3.30 
Ru- (I _ e- *,2 (22) 
(C,‘) 
This paper purports that the frequency increase of 
eddy manifestations with Reynolds number, agita- 
tion, and the frequency damping of eddy penetra- 
tion into the turbulent interface is not the deci- 
sive factor in determining mass transfer, but the 
total amount of area cleared or renewed. This 
area is a function of both the curface com- 
pressional modulus of elasticity and the quantity 
of agitation which is synonymous with Reynolds 
number, and the relative importance of both these 
quantities in the mathematical formulation of the 
renewed area is clarified. 
The model on which a mathematical calculation of 
the renewed area can be effected is that of an 
eddy as a lump of fluid which is impelled into the 
interface with energy dependent on the agitation 
or Reynolds number and disturbs the film molecules 
over a "Prandtl mixing length" which retaliates by 
means of its elasticity, thereby resisting the 
surface renewal. On this basis, a mathematical 
formula was obtained for mass transfer which incor- 
porated both effects, Cf' and Reynolds number in 
such a way that the relative importance of these 
terms clearly supports the experimental findings 
that each offsets the other. 
METHOD 
At a clean surface, there are no tangential 
stresses to oppose turbulent fluctuations at the 
interface, implying that surface renewal is unin- 
hibited as the eddy movements are comparable to its 
bulk size. If. however, small quantities of in- 
soluble surface-active agents are present, then an 
eddy of fresh liquid suffers retardation by the 
surface film stress, which is cleared locally in 
the irnnediate path of the eddy but tends to spread 
back into this region due to its elasticity. If 
the surface tension of the clean surface momen- 
tarily exposed in the imnediate path of the eddy is 
o and is lowered to CJ by the presence of surface 
f?lm elsewhere, then the back spreading pressure is 
measured by 
OO 
-o=n (23) 
in dynes per centimeter. In the limit of large n. 
the stress gradient of the surface active agent is 
great enough to prevent any eddy clearings. The 
surface is then inanobilized, being essentially 
solid, in that, such eddies will no longer manifest 
their presence through surface clearings of film 
molecules. 
Davies and Khan I31 found that the value of II for 
the elimination of eddy manifestation at the inter- 
face increased as N0.3. Even traces of surface- 
active material, where n is of the order of 1 dyne 
cm were able to exert a profound effect on the eddy 
surface movements. 
Studies of mass transfer at gas-liquid and liquid- 
liquid interfaces have repeatedly revealed high 
sensitivity to traces of surface-active impurities 
in the system. The effect is not confined to small 
drops and bubbles, but also'applies to large plane 
surfaces. 
The talc visualization technique of Davies and 
Khan 141 shows that if very small amounts of pro- 
tein are spread on the free surface of turbulent 
water, the frequency of surface clearing is un- 
altered. What is reduced, however, is the mean 
area of each eddy clearance. 
As greater amounts of protein are spread on to the 
surface, however, the observable clearances sud- 
denly become much less frequent, when a critical 
value of the lowering of surface tension, that is, 
'critical is reached. For water of moderate stir- 
ring rates, this occurs when II is about 0.5mN m-l, 
Davies and Khan [3]. The exact value of rcritical 
increases slightly with the stirring rate. 
For the benzene-water interface, the critjcal 
value of n lies between 0.5 and 1.0 mN m 
these relatively low values of TI, the surface 
At 
is 
not imnobjlized. However, at a surface pressure 
of 2mN m eddy movements can still disturb the 
interface &en though complete clearances are in- 
frequent. The drag of the partially mobile sur- 
face on the approaching eddies increases as more 
surface-active agent is applied, until at about 
n= 5mNm-', (24) 
the interface is effectively inmobilized. The 
eddy movements below the surface are then similar 
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to that of a solid wall. 
The above experimental observations clearly reveal 
the relative importance of the s rface compres- 
sional modulus of elasticity Cs- Y and the Reynolds 
number, which is synonymous with N, the stirring 
speed, in interfacial turbulence, hence mass 
transfer. However, there was no theoretical 
assessment or mathematical formulation of the 
problem, incorporating both effects in such a way 
as to reveal their relative importance. The pur- 
pose of this work was to incorporate both these 
effects in the formulation. 
A study of interfacial turbulence is necessary to 
elucidate the complex nature of transport proper- 
ties across turbulent interfaces occurring in en- 
gineering problem 
I 
and to ascertain the relative 
importance of Cs- and Reynolds number, where the 
structure of the turbulence in the bulk phase is 
germane to interfacial conditions, and facili- 
tates a theoretical assessment of the problem as 
shown by Khan. 
The structure in a single phase system was already 
determined, which can be considered as a special 
case of a two phase dynamic system. where one is 
at rest. 
There are obvious similarities in the turbulence 
structure of both systems, but unlike previous 
authors where isolated pieces of turbulence 
(eddies) are envisaged as migrating into the in- 
terface from the bulk phase, and, which is not 
compatible with the concept of turbulence pheno- 
mena, a more plausible and realistic explanation 
of interfacial turbulence, hence surface renewal 
is provided in this paper. Here a theoretical 
assessment of the problem was formulated based on 
this model of turbulence structure (see Figures 
1 to 8). 
A possible mechanism by which eddies are propa- 
gated into the interface from the bulk phase can 
be attributed to the concept of turbulence, as a 
mass of eddies which change their shapes and 
sizes incessantly and enclosed in an elastic bag 
of fluid, which fluctuates and pushes its corru- 
gated periphery intermittently into the inter- 
face, and much more compatible with turbulent 
phenomena. 
This has been confirmed experimentally (Figures 1 
to 8) and facilitates an adequate theoretical 
model for transport phenomena at turbulent inter- 
faces of the types: liquid-liquid and liquid-gas. 
In this model, the transport of matter from one 
phase to another, is effected by molecular diffu- 
sion for dynamic systems, where surface renewal 
is effective. 
The frequency of eddy penetration alone into the 
interface is not the dominant factor in surface 
renewal as claimed by previous authors, but the 
quantity of area renewed. The actual theory, 
based on the quantity of area renewed compares 
favorably with experiment for both clean and con- 
taminated interfaces. 
Mass transfer here takes place by molecular dif- 
fusion alone as all eddy motions at the inter- 
face occurred parallel to the surface with little 
or no vertical motion, due principally to damp- 
ing of the eddies by surface tension and the 
structure of the established turbulence, thereby 
elminating any possibility of entrainment and 
convective transport from one phase to another. 
Khan [g] was able to prove theoretically that the 
amount of area cleared by each eddy was a func- 
tion of the surface compressional modulus of 
elasticity, Cs- and synonymous with mass trans- 
fer, revealing a damping curve in remarkable agree- 
ment with experiment and incorporating the effect 
of CS-1 for the first time; a physical constant of 
extreme convenience, like surface tension and al- 
ready calculated for various substrates. Using the 
boundary condition that 
& (Txx) = grad div (C;l V), 
where T 'is the shear stress exerted by an eddy at 
the in&face and V is the tangential velocity. 
Khan [9] found that, 
c;'t 
uVoA 2 
-3 
R' Q f(7) (1 - e ux I* 
where R is the rate of mass transfer per unit 
area, f the frequency, u the viscosity, V, a 
characteristic velocity of the eddy fluctuation, A 
the eddy size, t the_fesidence time of an eddy in 
the interface and Cs the surface compressional 
modulus of elasticity of film molecules. Hence, 
VA 
Cs-lt 
R' cx f(+)2 11 - e 
- -7-12 
(27) 
CS 
The present work contends that the frequency with 
which eddies penetrate the interface due to the 
alternate contractions and expansions of the elas- 
tic bag of turbulent fluid with a corrugated peri- 
phery, is independent of the surface conditions 
for a clean interface and depend on turbulent para- 
meters alone. This is reasonable and plausible, 
as the established turbulence is unaware of surface 
conditions and fluctuations in eddy formation occur 
because of the concent of turbulence. 
The work also differs from other authors in the 
mode of eddy propagation into the interface. as 
that due to the elastic bag fluctuating beneath 
the stagnant layer and laminar super-layer and not 
isolated pieces of turbulence in the form of 
eddies impelled from the stirrer blades into the 
interface. r 
On this basis, a theoretical assessment of mass 
transfer across a turbulent interface is made 
whether the interface is stationary as in the case 
of contra-rotating stirrers in a single phase or 
by contra-rotating stirrers in a two phase system. 
In all cases, the mode of eddy propagation remains 
the same. Even in a single phase. which is ro- 
tated by one stirrer, this applies. The only dif- 
ference here, is that, a rotational laminar super- 
layer exists above the rotational turbulent core 
liquid. 
The present work also contends that variation of 
the geometrical depth of the stirrer should not 
affect the dependence of mass transfer on agita- 
tion, that is, Reynolds number, which is synony- 
mous with N, the stirring speed, once eddy mani- 
festations would comnence at higher stirring 
speeds for lower stirrer arrangements, but the 
functional form or dependence of mass transfer on 
N, the stirring speed, should remain unchanged at 
the onset of eddy penetration into the stagnant or 
laminar super-layer. 
We shall now focus our attention on the expression 
VA 
cs-It 
R' o f(%)' [l - e 
_- 
I2 . (28) 
cS 
which is the rate of total surface area renewed, 
and depends on f, V,, X. and t, which are turbu- 
lent parameters and depend on N, the stirring 
speed or Reynolds number. 
.- 
We now embark on a determination of the above men- 
tioned quantities on the Reynolds number. In ac- 
cordance with the structure of the turbulence es- 
tablished in a stirred cell, it is clear, that in 
the initial stages eddies are shed from the pro- 
peller blades and settle into an equilibrium state, 
where a constant volume of liquid becomes turbu- 
lent at a constant stirring speed. But turbulence 
is a mass of eddies in a persistent process of ex- 
pansions and contractions of varying sizes and 
shapes, and should be viewed here, as an elastic 
bag with corrugated periphery which protrudes into 
the interface through the laminar super-layer with 
a frequency which, on the average, is determined 
by the average or medium sized eddies or the 
eddies of maximum energy. 
Using results analogous to pipe flow and stirred 
tanks, we find that 
f O. V. Re".56 (I V, N"*b6 , (29) 
but V a characteristic turbulent fluctuation 
veloc?;v is also proportional to N. Hence 
f h N1.56 
Also, ,i the ave age eddy size is proportional to 
Re-I/8, hence ~5 is proportional to Re-I/4. 
Substituting those results in equation (28). we 
find that 
C_INO. 
s 
R' ~ N1.56 (N x N-".125)2fI _ ; N1.56 ]2 
(31) 
1 
5 __I 
. 
or LS- 
R' 
N 3.3 
u-[l-e 
,51.43 
(c;‘P 
I2 , (32) 
revealing clearly the relative importance of the 
surface compressional modulus of elasticity and 
stirring speed which is synonymous with Reynolds 
number. 
At 
Cs ’ -1 = 0 (33) 
R' must be treated as a limiting process, giving 
R' (I No'44 . 
For a protein film,$ takes the values.of 1 to 20 
dynes/cm, but contin ity myst be maintained for 
clean interfaces, where C; tends to zero. 
CONCLUSION 
The theoretical results of 
CC' 
R 
I N3.3 
(I - [I - e- ti I2 . 
(Q2 
(35) 
is displayed graphically in figure 9, revealing 
the relative importance of the surface compres- 
sional modulus of elasticity and Reynolds number. 
These results are in excellent agreement with the 
experimental results, that each effect tends to 
offset.the other. 
In particular, for a clean inprface, C;I tends to 
zero and for a solid wall, C- tends to infinity, 
which then agrees with the s 2 agnant layer theory 
in the asymptotic sense. 
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Fig. 1. 
Fig. 2. 
Mechanical agitator used in the study of interfacial turbulence in a two phase system. (This 
system is applicable to large scale systems in industry based on the analogy of geometrical and 
dynamical similarity for processes of mixing and extraction. The dimensions of this system are 
the same as those used for a single phase system, where the stirrers are contra-rotated to main- 
tain a stationary interface and can be considered as a special case where the upper phase is at 
rest. The interface is the domain of interest.) 
Eddy propagation into the interface due to the expansions and contractions of eddies inside an 
elastic bag of fluid. (The elastic bag of fluid incessantly changes its shape and pushes its 
periphery intermittently into the interface through the laminar super-layer. This is clearly 
manifested by the tracer dye and by the separation of talc particles covering the entire inter- 
face.) Here, the lower phase is agitated while the upper phase is at rest. The structure of tur- 
bulence established is that of a turbulent core of fluid with a laminarsuper-layer through which 
eddies penetrate due to the expansions and contractions of bulk fluid. Different oils and alco- 
hols are used in the upper phase changing the surface tension, densities and viscosity, but the 
structure of the turbulence remains the same, proving that eddy manifestations at the interface 
are independent of surface conditions for a clean surface. It is also independent of surface 
tension for a contaminated interface. 
GAS PHASE 
CLEARED 
SURFACE 
SP”EAO FILM OR 
WRCACE ACTIVE AGENT 
LlPUlD PMASL EDDY 
Fig. 3. Fresh liquid transported by an eddy into the interface. This transport is op osed by the back 
-P spreading pressure II of the spread film, which is conveniently measured by CS , the surface con- 
pressional modulus of elasticity. 
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Fig. 4. 
Fig. 5. 
Fig. 6. 
.- 
Oil 
UltStkWd I -Eddy 
Talc separations on the 
I Wlrrrd I 
surface which are eddy manifestations. 
I \ .
-Yanlf”tc4tlon 
At tkr 
Int*rfoC. , 
separotlon of 
Talc Pdisl*s 
-Eddy 
Llanlf*~tatlon~, 
SIparorion Of 
Talc Por~lClas 
Eddy manifestations at the surface. This is a mirror image of figure 4 in the interface. This 
time from the agitated upper phase, the eddies are impelled into the interface through a 
laminar sublayer. 
Slmlbly for_ 
An Eddy of 
011 - 
Intwfacr i 
Eddy of Wdw 
-uovhp Into and 
PamhI to tlm 
Intwtacr 
Manifestation of eddies from both phases which are agitated simultaneously. The following cases 
exist: 
1) If the stirrers are contra-rotated maintaining a stationary interface, then we have rotating 
laminar layers on both sides adjacent to the interface and, then, the rotating turbulent volume of 
fluid on both sides. 
2) If, however, the stirrers are rotated in the same direction, then we generate a rotating 
interface with rotating adjacent laminar layers in both phases and, then. the rotating volunes of 
turbulent fluid on both sides. 
In all cases. the eddies are impelled into the interface from both bulk phases in the same manner 
as before. 
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Fig. 7. Dimensions of the single phase system. (The same dimensions were-used in the two phase system with 
one stirrer in each phase and symmetrically placed (see figure 1)). 
Fig. 8. Single phase stirrer assembly. (This is similar to the two phase stirrer aseembly in figure 1). 
Fig. 9. Relative importance of the surface compressional modulus of elasticity and Reynolds numbers in 
mass transfer processes across turbulent interfaces. CS' varies from 1 to 2 dynes/cm for a protein 
film. N varies from 1 to 10 rps, over the graphs shown. 
